This paper introduces a Z-shaped thermal microactuator for in-plane motion, which could be complementary to the well-established comb drives and V-shaped thermal actuators. The Z-shaped actuators share many features in common with the V-shaped ones, but offer certain advantages such as smaller feature size and larger displacement. They also offer a large range of stiffness and output force that is between those of the V-shaped actuators and comb drives. In particular, they can achieve smaller stiffness without buckling, which renders them as simultaneous load sensors. The Z-shaped actuator was modeled analytically and verified by multiphysics finite element analysis. Among all the design parameters, the beam width and the length of the central beam were identified as the major ones in tuning the device displacement, stiffness, stability and output force. Experimental measurements of three arrays of Z-shaped thermal actuators agreed well with the finite element analysis. In addition, the quasi-static and dynamic performances of individual Z-shaped thermal actuators were measured. The average temperature in the device structure was estimated from the electric resistivity at each actuation voltage. The bandwidth of the Z-shaped thermal actuators can be increased for devices with a substrate underneath.
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k p thermal conductivity of silicon V applied voltage across a Z-shaped beam ρ resistivity of silicon
Introduction
In microelectromechnical systems (MEMS), electrostatic actuators [1] and electrothermal actuators [2] [3] [4] are the two major categories for achieving in-plane motion. Electrostatic actuators especially comb drives have an output force typically on the order of 1 μN at an actuation voltage more than 30 V [5] , while thermal actuators can easily generate a force of 1 mN at an actuation voltage around 5-10 V [6] . Though comb drives have many advantages such as low temperature sensitivity and essentially zero dc power consumption, they require high actuation voltage (>30 V), which is generally not compatible with microelectronic power supplies and even silicon substrate (e.g., causing breakdown of the dielectric layer) [7] .
Thermal actuators, on the other hand, have attracted significant attention in recent years, as they have been demonstrated to be compact, stable and high-force actuation apparatus [4] . The operating principle of thermal actuators is based on thermal expansion. Thermal actuators in a variety of configurations have been exploited for in-plane motion. One is the pseudobimorph (also called U-shaped) thermal actuator [8] [9] [10] [11] , which employs asymmetrical thermal beams with different cross-sectional areas. The locus of motion is an arc. The other is the bent-beam (also called V-shaped) thermal actuator [6, 7, [12] [13] [14] utilizing thermal expansion of symmetric, slanted beams to generate rectilinear displacement of the central shuttle. The V-shaped thermal actuators have been employed in many applications including linear and rotary microengines [6] , nanoscale material testing systems [12, 13] and nanopositioners [15] .
The V-shaped thermal actuators cannot achieve large motion (typically up to a few μm) but can easily generate large force (on the order of mN). Two possible limitations exist for the V-shaped actuators. The first limitation comes from the slanted beams. The slanted beams pose challenges for fabricating small features with smooth sidewall surfaces, which deteriorate as the beam width gets close to the resolution of photolithography (typically ∼2 μm). As will be shown later, however, smaller beam width is conducive to larger displacement. The other limitation is due to the large stiffness of the V-shaped actuator (on the order of thousands of N m −1 and above). As a result, the V-shaped actuators cannot be used as load sensors and actuators simultaneously; thus, additional load sensors are required for applications such as nanomechanical testing [13] and nanomanufacturing [16] .
This paper introduces Z-shaped thermal actuators for in-plane motion, which can overcome the above-mentioned shortcomings in the V-shaped thermal actuators and offer a large range of stiffness and output force that is complementary to the comb drives and V-shaped actuators. The structure and operating principle of the Z-shaped actuator is first described, similar to a previously reported out-of-plane actuator [17] . Analytical models were derived to explicitly delineate the dependence of device characteristics (including displacement, stiffness and buckling load) on the device geometry. Finite element multiphysics simulations were performed to obtain the field variables including the temperature distribution in the device. The quasi-static and dynamic performances of the device were measured in vacuum. A comparison between simulations, analytical formulas and experiments were pursued for interrogation and calibration of the device. The devices were fabricated using the SOI-MUMPs (silicon-on-insulator multi-user MEMS process) (MEMSCAP, Durham, NC) with 10 μm thick silicon as the structural layer.
Device concept and modeling
The schematic of the Z-shaped thermal actuator is shown in figure 1(a) ; for the purpose of comparison, the schematic of the V-shaped thermal actuator is shown in figure 1(b) . It is seen that the basic unit of a Z-shaped actuator is a pair of Z-shaped beams and a shuttle in the middle. In principle, the Z-shaped actuators are similar to the V-shaped actuators; but the Zshaped actuators rely on bending of the symmetric Z-shaped beams induced by thermal expansion to achieve rectilinear displacement of the central shuttle. More specifically, when a current is passed through the device, heat is generated along the beams due to Joule heating. The temperature rise leads to thermal expansion of all the beams, especially the long beams (denoted with length L). The long beams cannot expand straight due to symmetry (and thus constraint) of the structure; rather, they bend to accommodate the length increase. As a result the shuttle is pushed forward. Figure 1 (c) shows a scanning electron microscopy (SEM) image of a Z-shaped thermal actuator with two pairs of Z-shaped beams.
Analysis of a thermal actuator requires a coupled electrothermal and thermomechanical investigation. The thermomechanical response was analytically derived based on the following assumptions: the central shuttle is rigid and its thermal expansion is neglected; thermal expansion of the short beam (with length l in figure 1(a) ) is neglected; small strains and displacements are considered; average temperature rise in a Z-shaped beam is given [12] .
The mechanical response of the structure in figure 1 can be equivalently modeled by considering half of the structure without the shuttle, as shown in figure 2 . In this section, device performances such as displacement, stiffness and internal force will be derived as functions of the device dimensions. Details on the derivation are given in the appendix. Following the energy method, three reaction forces/moments, axial force F x , virtual force P and moment M, can be obtained by solving the following set of equations [8] :
where
,
In order to obtain deflection in the y direction, let the virtual force P equal to zero. The deflection in the tip can be written as
The stiffness of a Z-shaped beam is given by
The stiffness of a Z-shaped actuator with a pair of beams is 2k. The internal force is given by
The output force f is given by the product of displacement and stiffness,
Thus the output force of a Z-shaped actuator with a pair of beams is 2f . In terms of heat transfer, convection and radiation are generally neglected in MEMS structures; conduction through the air layer between the device layer and the substrate is a major heat transfer mechanism for surface micromachined devices, as the air layer is typically very thin (on the order of a few μm) [8, [11] [12] [13] . But in our SOI devices, the underneath silicon substrate is totally etched as shown in figure 1(c) ; as a result, heat conduction through the underneath air layer does not occur either. The only heat transfer mechanism is therefore heat conduction to the anchors across the beams. The average temperature increase in the Zshaped beam ( T ) can be estimated by a parabolic temperature distribution [10] 
It is apparent that the device performance is geometry dependent. The peak displacement of one single Z-shaped beam at a given temperature can be increased by simply increasing the length of the long arm (L). The device thickness (h) is not related to the displacement, but affects the stiffness and output force in direct proportion. Higher force can also be generated by setting multiple pairs of Z-shaped beams in parallel, which increases the structural stiffness but not the displacement. Since the beam length is limited by the SOIMUMPs design rules [18] , the length of all the long beams (L) in our design was selected as 88 μm and the width of the central shuttle was 60 μm. Again the thickness of the entire device is 10 μm as specified in the SOI-MUMPs. To simplify the parametric study, widths of all the long beams and central beams are taken as the same. The central beam length (l) and beam width (w) are design parameters whose effects will be further investigated.
Thermomechanical finite element analysis (FEA) was performed in comparison to the analytical modeling presented above in order to evaluate the assumptions adopted above in analytical modeling. A 2D multi-field plane element PLANE223 was used in the FEA (ANSYS version 11.0). The simulated beam had exactly the same dimensions as that used in analytical modeling. A constant temperature increase of 400 K was applied to the entire Z-shaped beam as shown in figure 2. Note that all the thermal properties of single crystalline silicon (SCS) used in the simulation are constants at room temperature as used in analytical modeling. However, all the thermal properties of SCS are temperature dependent as listed in table 1. In the multiphysics simulation of the real device to be discussed in section 3, the temperature-dependent properties were used so as to compare with experiments. Figure 3 (a) shows an excellent agreement for displacements between the FEA and analytical solution, given by equation (2), for the Z-shaped beam. Here the displacement is plotted as a dimensionless quantity (U/2α TL). The maximum displacements are 1.76 μm, 3.34 μm and 6.68 μm for the beam widths of 8 μm, 4 μm and 2 μm, respectively. This agreement confirms the validity of the analytical model.
A systematic comparison between the Z-shaped thermal actuators and the V-shaped thermal actuators was carried out to further illustrate their characteristics, as shown in figure 3 . For the V-shaped actuators, the inclined angle varied from 0
• to 10
• , while the beam width and total length were the same as those in the Z-shaped actuators. Figures 3(a) and (b) show that both actuators can achieve a similar displacement range (on the order of μm). For both actuators, the smaller the beam width the larger the displacement. However, fabricating a small beam width (especially 2 μm) is more challenging for inclined beams. In this regard, the Z-shaped actuators can achieve relatively larger displacement. Figures 3(c) and (d) show that the stiffness of the Z-shaped actuators is about one order of magnitude smaller than that of the V-shaped actuators, when the beam width ranges from 2 to 8 μm. It is noted that for V-shaped actuators the normalized stiffness almost does not change with the beam width; in contrast, for Z-shaped actuators the normalized stiffness scales approximately with the square of the beam width. This is essentially due to the fact that V-shaped actuators are mainly based on beam extension while Z-shaped actuators are mainly based on beam bending. It is known that for beam bending the stiffness is proportional to the cube of the beam width. Hence, Z-shaped actuators possess a large stiffness range for a given range of beam width. Furthermore, the typical stiffness range offered by Z-shaped actuators (about 50-10 3 N m −1 ) is an excellent complement to those offered by the comb drives [19] and V-shaped actuators [12] .
Upon operation, the beams in both actuators are under compression that might lead to buckling instability. The critical buckling force of a beam is given by
where K is the column effective length factor and L b = 2 L is the length from the anchor to the central shuttle. For both V-shaped and Z-shaped actuators, the boundary conditions are as follows: the anchor is fixed and the other end is sliding, which gives K = 1. Buckling simulations were performed in ABAQUS to verify the effective length factor K. Thus, the critical buckling forces of Z-shaped and V-shaped thermal actuators are the same, as shown in figures 3(e) and (f ). For L b = 176 μm, no buckling is expected in both Z-shape and V-shape thermal actuators when the beam width is 8 μm. However, the critical central beam lengths are 2.6 μm and 3.2 μm for the Z-shape actuators with beam widths of 4 μm and 2 μm, respectively, while the critical inclined angles are at 1.5
• and 2
• in the V-shape actuators. Note that the displacement, stiffness and axial internal force of the V-shaped actuators were calculated using equations (1) and (2) in [12] . For the V-shaped actuators, smaller stiffness can be achieved with a smaller inclined angle, which, however, might lead to buckling (see figures 3(d) and (f )). For the Z-shaped actuators, smaller stiffness can be achieved with the combination of a smaller beam width and smaller central beam length, which can be tailored to prevent buckling (see figures 3(c) and (e)).
The output force of a Z-shaped thermal beam according to equation (5) is shown in figure 4 . The peak output force is in the range of 30 to 490 μN depending on the beam width. Apparently, the output force of the Z-shaped actuators is in between those offered by the comb drives [1, 19] and the V-shaped thermal actuators [6, 12] .
Multiphysics FEA
The performance of Z-shaped thermal actuators was simulated using ANSYS multiphysics, version 11.0. The simulation is a coupled-field analysis involving electric, thermal and mechanical fields. The input was the actuation voltage across the anchors and the output included the actuator temperature and displacement distributions. The thermal boundary conditions were the zero temperature change at the anchors. The mechanical boundary conditions were the fixed displacements at the anchors. The temperature material parameters for SCS listed in table 1 were used in the simulations. The displacement of the actuators can be obtained experimentally; however, it is difficult to measure the temperature distribution. Therefore, the coupledfield simulation is particularly relevant to provide such information. Figure 5 shows the temperature distribution and the displacement in the thermal actuator for an actuation voltage of 5 V. As previously stated, the only heat dissipation path in the Z-shaped actuators (without substrate underneath) is through the anchors. Since the shuttle is farthest from the anchors, the highest temperature occurs in the shuttle, as shown in 
Experimental results
The Z-shaped thermal actuators were fabricated by the SOIMUMPs process in run 27. The design rules of SOI-MUMPs restrict the total length of a suspended structure within 500 μm to minimize out-of-plane deformation. In our design, all the Z-shaped thermal devices have the same anchor-anchor distance (412 μm); the design parameters are the central beam length and the beam width. Of course, the length of the two long beams and the width of all three beams are not necessarily to be the same, as long as they are symmetric about the shuttle. This in fact offers a larger design space to optimize the device performance for different applications.
Three arrays of Z-shaped thermal actuators with different beam widths (2 μm, 4 μm and 8 μm) were fabricated for the parametric study and device optimization. Within each array, the length of the central beam varies from 1 to 20 μm. One such array of the Z-shaped thermal actuators is shown in figure 6 . The displacement was measured using an optical microscope with the edge detection method [20] ; the resolution was calibrated as 81.5 nm per pixel. Figure 7 shows the displacement of the Z-shaped thermal actuators of two arrays (the third array shows the similar trend and is not plotted). The array with a 2 μm beam width was actuated at 2 V and the array with a 8 μm beam width was actuated at 3 V. Multiphysics FEA results for both arrays with the corresponding applied voltages are also plotted in the figure. The displacement results agreed quite well between experiments and FEA, which are also in line with the analytical modeling as shown in figure 3 (a). It should be noted that no thermal crosstalk between actuators was observed [14] .
The following tests were carried out inside an SEM (JEOL 6400F) on a particular Z-shaped thermal actuator with a 4 μm beam width and 20 μm central beam length. Displacement was measured with the actuation voltage from 0 to 6 V. The measured displacement is plotted with respect to the input current, as shown in figure 8(a) . The maximum output force, necessary to reduce the actuator displacement to zero, is also plotted, as calculated by equation (6) . The stiffness of the structure was calculated to be 273.4 N m −1 based on the measured dimensions. Figure 8(b) shows the dependence of electric resistance of the structure on the input current. Assuming the linear dependence of resistivity on temperature as listed in table 1, the average temperature in the device was estimated [8, 9] , and also plotted in figure 8(b) .
Thermal actuators generally respond more slowly than electrostatic ones because the time constants involved in the thermal dissipation are larger than those in the electromechanical actuators. The bandwidth of V-shaped actuators was found to be ∼700 Hz, which is relatively high as a result of the very small thermal mass in the MEMS structure [9, 21] . Dynamic tests of the Z-shaped thermal actuator were performed in the vacuum to interrogate their bandwidth. The device was actuated at a square-wave ac voltage. The raster imaging mode of SEM was used to capture the oscillation of a straight (vertical) edge ( figure 9(a) ), following the method developed in [20] . The measured −3 dB bandwidth was about 70 Hz, as shown in figure 9(b) .
As discussed earlier, our devices fabricated by SOIMUMPs in this study had no substrate underneath. The only heat dissipation mechanism in our Z-shaped thermal actuators is heat conduction to the two anchors across the entire beams. This led to the relatively low bandwidth (∼70 Hz) of these devices. For devices with a substrate, a major heat dissipation mechanism, conduction to the substrate through the air underneath the devices [14] , will be activated. This additional dissipation mechanism significantly increases the rate of heat dissipation as characterized by a large decrease in the time constant of thermal dissipation [9] . As a result the bandwidth of the Z-shaped thermal actuators will be increased.
Conclusions
This paper introduces a simple class of electrothermal actuators with symmetric Z-shaped beams. The Z-shaped actuators share many features in common with the V-shaped ones. But they offer some advantages such as smaller feature size and larger displacement. They possess a large range of stiffness and output force that is in between those of the comb drives and V-shaped thermal actuators, thus fill the gap between these two well-established actuators. In particular, they can achieve smaller stiffness without buckling; Z-shaped actuator with smaller stiffness could be used as simultaneous load sensors. The Z-shaped thermal actuator was modeled analytically and verified by coupledfield FEA. Among all of the design parameters, the length of the central beam and beam width were identified as the major ones in tuning the device displacement, stiffness, stability (buckling force) and output force. Experimental measurements of three arrays of Z-shaped thermal actuators agreed well with the FEA predictions. In addition, the quasi-static and dynamic displacements of individual Z-shaped thermal actuators were measured. The average temperature in the device structure was estimated from the electric resistivity at each actuation voltage. The bandwidth of the Z-shaped thermal actuators can be increased for devices with a substrate underneath.
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Appendix.
A Z-shaped thermal actuator consists of two Z-shaped beams and a central shuttle; each Z-shaped beam includes two long beams with length L and a central short beam with length l, with a uniform beam width w and a constant beam thickness (h = 10 μm). Below we analyze only one Z-shaped beam as shown in figure 2 . The x-axis is defined on each beam separately, 0 < x 1 , x 3 < L and 0 < x 2 < l. Because the shuttle is constrained in the x direction but free to move in the y direction due to thermal expansion, an axial reaction force F x and a reaction moment M are present. To calculate displacement in the y direction, a virtual force P in the y direction is provided. The moments in three segments, respectively, are given as
The thermal actuator is statically indetermined; the forces and moment can be found by the Castigliano energy (or virtual work) method [8, 22] . The strain energy within the system consists of contributions from both axial force and bending moment. Thus, the displacement in the x direction is
The displacement in the y direction is
And the rotation is
where E is the Young modulus for single-crystalline silicon, α is the thermal expansion coefficient, T is the average temperature change in beams, and A is the cross-sectional area and I is the beam moment of inertia. Then the structural stiffness k is given as
